Abstract & Context A strategy widely proposed for increasing the resilience of forests against the impacts of projected climate change is to increase the number of species planted to spread and reduce the risks from a range of biotic and abiotic hazards. & Aims We tested this strategy in two case study areas in planted conifer forests in New Zealand and Scotland. & Methods The performance of the major tree species and an alternative was compared: radiata pine and Eucalyptus fastigata in New Zealand and Sitka spruce and Scots pine in Scotland. The process-based model 3-PG2S was used to simulate the effects of projected climate change at the end of this century, with and without CO 2 fertilisation, upon productivity and financial returns. The effects of an abiotic hazard and two biotic hazards were considered. & Results Under the current climate, the major species outperform alternatives in nearly all circumstances. However, with climate change, their relative performance alters. In New Zealand, planting of E. fastigata becomes more attractive particularly when various hazards and elevated CO 2 concentrations are considered. In Scotland, Scots pine becomes more attractive than Sitka spruce at lower interest rates. & Conclusions The major plantation species in both countries are well suited to the current climate, but deployment of alternative species and/or breeds can help to adapt these planted forests to the impacts of climate change.
Introduction
The last two decades have seen increasing awareness of the potential impacts of projected climate change upon terrestrial ecosystems including forests. In Europe, the mean annual temperature has risen by more than 1.1°C compared with conditions before the Industrial Revolution (IPCC 2007) . The effect of a warming climate is likely to influence the distribution and growth of tree species and so affect the range of ecosystem services provided by forests (Spittlehouse and Stewart 2003; Lindner et al. 2010; Dunningham et al. 2012 ). There have been increasing reports of drought-induced dieback and mortality in many parts of the world (Allen et al. 2010) . European examples include the dieback of Scots pine (Pinus sylvestris L.) forests in the Southern Alps (Gonthier et al. 2010) , increased mortality of several tree species in France after the 2003 heat wave (Landmann and Dreyer 2006) , and damage and tree death in Sitka spruce (Picea sitchensis Bong. Carr.) plantations in eastern Scotland (Green et al. 2008) . The frequency and intensity of other extreme weather events such as wind storms may also change (Gardiner et al. 2010; Clark 2012) , thus risking disruption to timber supplies and a loss of carbon stocks. Increased winter rainfall in Atlantic regions of Europe could increase soil wetness and also contribute to reduced tree stability in annual gales and storms (Ray 2008) .
Decreasing rainfall in eastern areas of Australia and New Zealand may increase drought conditions and the amount of mortality in stands Dunningham et al. 2012) . Climate change may also result in faster growth and higher productivity, particularly in cooler regions where the length of the growing season is predicted to increase without limitations imposed by summer moisture stress (Magnani et al. 2007; Pussinen et al. 2009; Dunningham et al. 2012) .
Climate change may also lead to a higher incidence of damage due to biotic pests and pathogens. For example, the worldwide spread of Dothistroma needle blight is thought to be linked to a combination of management practices and climate change favouring the spread of this pathogen (Woods et al. 2005; Watt et al. 2009 ). The impact of this pathogen in British pine plantations has resulted in a moratorium on the planting of Corsican (Pinus nigra ssp laricio) and lodgepole (Pinus contorta Dougl.) pines (Brown and Webber 2008) . Climate warming may favour the spread of damaging pests and pathogens that have been previously limited by cold temperatures. Examples include the major mortality caused by mountain pine beetle (Dendroctonus ponderosae Hopk.) in pine forests in British Columbia (Kurz et al. 2008 ) and the northwards range expansion of the pine processionary moth (Thaumetopoea pityocampa) in western Europe after increased winter survival due to warming temperatures (Battisti et al. 2005) .
One consequence of the growing awareness of climate change and its potential impacts on forests is an increasing uncertainty among forest managers about the most appropriate measures to take to maintain forest health and productivity. While foresters have been aware of the potential impacts of abiotic and biotic risks for many decades (see Schelhaas et al. 2003 on the historic impacts of storms and other disturbances), their decisions have implicitly assumed that such extreme events occurred within a framework of long-term climatic stability and that responses could be based upon accumulated experience (Bolte et al. 2009 ). However, this assumption is no longer tenable, and the need for effective strategic, tactical, and operational adaptation planning is urgent, not least because the young trees planted or regenerated in contemporary forests will have to cope with a rapidly changing climate over the course of this century. The challenges posed by climate change have led to proposals that future forest management should be based upon principles of 'adaptive management' involving a cycle of planning, implementation, monitoring, and evaluation (Lawrence and Gillett 2011) . A strategy of adaptive management of forests is an example of decision making under uncertainty where there is a lack of knowledge both about the degree of climate change that may be experienced in a given region and the way in which a particular forest ecosystem will respond to such pressures (Yousefpour et al. 2012 ).
A review of stand level adaptation measures reported by 19 European countries found most involved features of an active adaptation strategy such as increasing genetic and species diversity, fostering mixed stands of species considered to be well adapted to future climates, and using a wider range of silvicultural regimes such as continuous cover forestry (Kolstrom et al. 2011) . Given that an active adaptation strategy is currently the favoured measure for adapting forests to climate change, an important issue is deciding which measures are most suited to a particular forest or region. For example, at least ten non-native tree species were suggested for planting in north-eastern Germany (Bolte et al. 2009 ), while over 20 alternative species have been proposed as part of a climate change adaptation strategy in Wales (Anon. 2010). In Australia, a number of alternative species have been identified for possible use in plantation forests in regions where drought risk may be exacerbated by climate change ). Thus, there is an emerging view that an appropriate way of spreading the risk of climate change impacts is to increase the species diversity of forests.
This paper presents a pair of case studies examining the effects of an adaptation strategy based upon species diversification on the productivity and financial returns obtained from planted forests in New Zealand and in Scotland. Both countries share similar forest histories in that an extensive period of exploitation and unsustainable management resulted in a loss of native woodland cover followed in the last century by establishment of extensive areas of plantations of fast growing non-native conifers. As a result in 2011, there were 1.8 M ha of planted forests in New Zealand dominated by radiata pine (Pinus radiata D. Don) and 1.1 M ha in Scotland dominated by Sitka spruce. Current silvicultural practices in these forests are outlined in Table 1 . The typical structure that results from these regimes is one of regular even-aged stands composed of very few species: thus, 90 % of British forests had three species or less (MCPFE 2007) . The situation in New Zealand is similar with almost all the country's commercial timber harvested from even-aged stands of exotic tree species (MAF 2011). We explore how different biotic and abiotic risks consequent upon climate change may affect the outturn from these forests and also consider how the results might influence the operational decision making of forest managers. Our focus is on private forests which comprise nearly all planted forests in New Zealand and 65 % of forests in Scotland.
Materials and methods

Sites
We chose one case study forest in each country which was located in a region where the main species might be expected to be vulnerable to the effects of climate change and evaluate an alternative commercial forestry species. For New Zealand, the forest selected was Ashley Forest in North Canterbury region of the South Island (43°10′ 58.9″S 172°34′ 00.4″E) with an area of 10,270 ha at elevations between 140 and 865 m asl. Mean annual rainfall is 800 mm, and mean annual temperature is 10.8°C. Radiata pine is the preferred choice in this district with the species present in 89 % of the plantation forest area (MAF 2011) . The forest is in a region of New Zealand where the combination of warmer temperatures and reduced rainfall are thought likely to increase the risk of severe droughts occurring by the end of the present century (Watt et al. 2008 ). The Scottish case study was based on Craik Forest in the Scottish Borders region (55°21′N, 3°2′W), which is an area of 4,729 ha planted since the 1930s on grazing land at elevations between 175 and 425 m asl and where Sitka spruce represents over 80 % of the tree species present (Mason et al. 2012) . Mean annual rainfall is 1,380 mm, and mean annual temperature is 7.1°C. Craik Forest is typical of the South Scotland region which has the largest standing volume of any supply region in the country and where Sitka spruce comprises over 81 % of the standing volume (Forestry Commission 2012) . Although the forest is located in a region where the growth of Sitka spruce is not expected to be limited by median levels of anticipated climate change for much of the century (Ray 2008) , recent analysis has suggested that severe moisture deficits could limit the suitability of this species in this forest by the 2050s (Mason et al. 2012 ).
Species
In both countries, a range of alternative tree species have been proposed for use in adaptation measures. In New Zealand, species considered include various eucalypts (Eucalyptus spp.), coast redwood (Sequoia sempervirens), two cypresses (Cupressus macrocarpa and Cupressus lusitanica), and Australian blackwood (Acacia melanoxylon) (Hay et al. 2005) . Most of these species have proved to be rather sensitive to site conditions and microclimate (Nicholas and Watt 2011) with best growth being obtained on fertile free draining soils in sheltered, warm locations. The main exception is Eucalyptus fastigata which, although not present in Ashley Forest, has shown acceptable growth over a range of sites and tolerance of cold, while proving less vulnerable to insect pests and fungal pathogens than other eucalypt species. In Scotland, Mason et al. (2012) examined the potential suitability of 24 alternative tree species for use in Craik Forest under baseline , 2050s, and 2080s future climate scenarios. Among the productive conifer species, Norway spruce (Picea abies Karst.), Scots pine, lodgepole pine, noble fir (Abies procera Rehd.), and Japanese larch (Larix kaempferi Lamb. Carr.) proved suitable under the median climate, but several appeared vulnerable to increased moisture deficits under more extreme climatic projections with only Scots and lodgepole pine remaining suitable. The planting of lodgepole pine is restricted because of the impact of Dothistroma needle blight (Brown and Webber 2008) , and therefore, Scots pine should be the safest alternative species for use in the future, although it currently represents only about 1 % of the forest (Mason et al. 2012 ).
Climate change scenarios
The following data were used to analyse the climate in two time periods, the baseline current climate and one future time period, 2080s, using the United Nations Intergovernmental Table S1 .
Craik
The baseline climatic data for Craik are for the period 1961 to 1990 (1980 for short). To explore the probability of future climate change in Craik Forest, we used the latest probabilistic climate projections available for the UK (Murphy et al. 2009 ). These calculations were based on the 25-km grid square surrounding Craik and are projected for the years 2070-2099 (hereafter called the 2080s).
Ashley
The baseline climatic data for Ashley are for the period 1980 to 1999 (1990 for short). New Zealand climate change scenario projections are based on the Canadian Centre for Climate Modelling and Analysis CGCM3 global circulation model (Scinocca et al. 2008 Landsberg and Waring (1997) . The spatial version of the 3-PG growth model, 3-PG2S, was used for this study (Almeida et al. 2010 ). The process-based model uses subroutines to predict net primary productivity (NPP), transpiration, respiration, and growth. Absorbed photosynthetically active radiation (APAR) is calculated as a function of photosynthetic active radiation and leaf area index. The utilised portion of APAR is established by a series of modifiers with values varying from 0 (total constraint) to 1 (no constraint) (Landsberg and Waring 1997) . 3-PG2S simulates the forest's water balance, that is water entering, leaving, and being stored in the system. Water movement in soil discriminates between water in the "root zone" and "non-root zone" of the soil profile. Suboptimal temperatures, high vapour pressure deficits, infertile soils, and soil available water combine to limit photosynthesis and affect growth and allocation of dry mass (Landsberg and Waring 1997) . The model has been used to investigate the potential impact of climate change on tree species growth and distribution Waring 2010, 2011; Weiskittel et al. 2011) . Previous studies were used to obtain the model parameters (details provided in Table S2 ) for radiata pine (Landsberg and Waring 1997) , E. fastigata (Meason et al. 2011) , Scots pine (Xenakis et al. 2008) , and Sitka spruce (Minnuno et al. 2010 ). 3-PG2S includes an option to simulate a potential CO 2 fertilisation effect with climate change. The "fertilisation effect" is a term that describes the increase in a species NPP that may occur with the increase in atmospheric CO 2 concentration enhancing various photosynthesis factors (Ainsworth and Long 2005) . As a way to simulate the CO 2 fertiliser effect, growth modifiers were introduced for the possible effects of increased atmospheric CO 2 to canopy quantum efficiency and canopy conductance to simulate higher leaf intercellular CO 2 concentration and higher water use efficiency with higher atmospheric CO 2 concentration and lower stomatal conductance (Almeida et al. 2009 ). When atmospheric CO 2 was at 700 ppm, canopy quantum efficiency was increased by a factor of 1.4 and canopy conductance by a factor of 0.4 (Sands 2010). The enhancement factors for 3-PG were based on earlier research (Ainsworth and Long 2005; Almeida et al. 2009 ).
3-PG2S model input data
Three sets of spatial data were required to run 3-PG2S; latitude for day length and sun angle, future climatic data, and soil data for soil water balance and fertility subroutines. All datasets were in a grid format, at a 5,000-m resolution. Latitude of each case study area was averaged to the nearest half-degree.
Climatic data layers
The monthly climate data surfaces required by the model are mean daily maximum and minimum temperature (°C), rainfall (millimeters), number of rain days (days per month), solar radiation (megajoules per square meter per day), and number of frost days (days per month). Sources of future climatic data for each case study were discussed previously.
Soil water, depth, and fertility
Soil texture and potential plant available soil water are required for 3-PG2S soil water balance subroutine. Soil depth affects the level of water storage of a site. Soil fertility information is required to adjust growth rates to the relative fertility of the site. Due to a lack of information, the model's soil fertility index was set to a constant value appropriate for the productivity of each species in the case study areas. Sources of texture, depth soil water information for each case-study are discussed below:
Craik
Craik's soil data were derived from a 1:10,000 soil survey carried out in the 1970s (personal communication, Bill Rayner, Forest Research) in which soils were allocated to the main soil types and phases distinguished in the British Forestry Commission forest soil classification (Kennedy 2002) . The main soil types present are surface water and peaty gleys (approximately 50 % of the forest), brown earths and ironpan soils (25 %) and deep peats (15 %; Mason et al. 2012) . For the modelling, we assumed a mean rooting depth of 50 cm for the gleys and peats and 1 m for the brown earths and ironpan soils: these categories broadly match those used in more detailed studies (Nicoll et al. 2006 ).
Ashley
Ashley's soil data were from Landcare Research's New Zealand fundamental soil layer textural classification map with a 100-m resolution (Newsome et al. 2008) . The main soil types present in the forest are brown and pallic soils. The classification is based on the interpretation of soil surveys from the 1:63,360/1:50,000 scale New Zealand Land Resource Inventory either from reference to analytical results stored in the national soils database or as professional estimates by pedologists acknowledged as authorities in the soils of the region in question (Newsome et al. 2008) . Soil textural classes and plant available soil water for each soil unit were based on earlier research (Webb and Wilson 1995) . Soil depth information was unavailable; thus, a constant depth of 1 m was assumed.
Climate change hazard scenarios
The hazards we evaluated comprised one abiotic factor (drought) and two biotic factors whose effects should increase with climate change. These were two fungal pathogens in the case of New Zealand and an insect pest and a fungal pathogen in the case of Scotland. Some hazards can increase the probability of occurrence of other hazards and the severity of their impact (e.g. drought and insect outbreak). However, for simplicity the effect of each hazard was simulated separately. Table 2 describes how each hazard was simulated for each abiotic and biotic scenario. As drier conditions are predicted in the regions of Craik and Ashley Forests, the abiotic risk scenario tested the impact of rainfall being half that predicted by future climatology for 5 months of the year and consequent impacts on productivity and wood quality over one rotation (Green et al. 2008; Stone et al. 2011) . For Craik, the drought months were May to September, and for Ashley, November to March. The biotic factors varied by case study. For Craik, these were the green spruce aphid (Elatobium abietinum) and Dothistroma needle blight. Green spruce aphids feed on the needles of Sitka spruce, resulting in serious defoliation in some years. The severity of green spruce aphid damage is inversely related to winter cold and can result in a loss of at least 10 % of volume at rotation (Straw et al. 2011) . Dothistroma needle blight can cause defoliation of the Pinus genus, including Scots pine, and in extreme cases may cause mortality (Brown and Webber 2008) . Two pathogens were selected for the Ashley Forest case study based on a review of pests with potential for serious impacts on New Zealand's forest industry (Watt et al. 2011) . These were Dothistroma which is already present in New Zealand and a high risk fungal pathogen that has yet to reach New Zealand (Fusarium circinatum, pine pitch canker). Dothistroma currently costs the New Zealand forestry industry €14 million per annum (Watt et al. 2008) , and the North Canterbury region could be optimal for Dothistroma with climate change (Watt et al. 2011) . F. circinatum is the causal agent of pine pitch canker, which is characterised by exudation of large amounts of resin in response to an infection and can infect most trees in a stand (Dick 1998 ). Radiata pine is particularly susceptible to the pathogen, and previous studies have suggested that New Zealand's plantation forests would be particularly vulnerable if it became established (Ganley et al. 2009 ). Research has indicated that climate change will create conditions in Northern Canterbury that range from suitable to optimal for Fusarium (Watt et al. 2011) . For E. fastigata, no pathogen in its home range of South-Eastern Australia or in other countries has yet been identified which has a significant impact on growth. Thus, it was assumed for the scenarios that no pathogen will impact E. fastigata. The risk from fire and wind damage is likely to increase with climate change (Gardiner et al. 2010; Dunningham et al. 2012) . Although these risks may have a significant impact, it was assumed that they would have similar impacts for both species equally in each case study. Thus, fire and wind hazards were not included in the hazard scenarios.
Climate change and hazard simulations
Stand growth was simulated for each scenario with 3-PG2S using a management regime and rotation length appropriate for each species (details provided in the Table S3 ). The impact of the abiotic and biotic hazards was incorporated separately for each hazard scenario (Table 2) . We then linked the outputs to conventional yield models (Edwards and Christie, 1981 for Scotland) to explore the effects on different product outturns and on the different qualities of timber produced (details provided in Tables S4 and S5 ). Thus, in the abiotic drought scenario, we assumed that one consequence for Sitka spruce would be that the incidence of drought crack was such that no timber suitable for sawlogs was produced. For each scenario, an average recoverable volume from thinnings and at final harvest for each forest was used to calculate net present value (NPV) financial analysis. Costs and revenues were based on latest standard data for operations in each country and calculated NPV's reported in Euros (details provided in Tables S4 and S5) . No subsidies were included in the revenue streams. Interest rates used in Scotland were varied between 1 and 5 %, spanning the historic rates of return on planted forests in Britain (Richards 2003) . The equivalent rates used in New Zealand ranged from 5 to 10 % (Manley 2012) . Then, the NPV of each scenario was compared to evaluate the impact of climate change and hazards on species profitability. While a number of other technical approaches are available to evaluate the returns on investments in forest plantations, discussions with managers of private forests in both New Zealand and Scotland showed that NPV was the main method employed (unpublished data).
The CO 2 fertiliser effect with increasing atmospheric CO 2 concentration may increase net primary productivity. However, the experimental evidence that the CO 2 fertiliser effect increases NPP long term is uncertain due to a number of physiological and environmental factors (Karnosky 2003) . Thus, two values were produced for each scenario, with and without the CO 2 fertiliser effect. The low end of future productivity was provided by simulations without a CO 2 fertilisation effect (using current ambient atmospheric CO 2 ). The results from the model scenarios were compared to simulated productivity using current climate data.
Sensitivity analysis
Two sensitivity analyses were performed by varying model inputs and NPV financial inputs by ±10 and ±40 %. The first analysis identified the effect of each model input parameter on the stem volume outputs of each species under the future climate scenario assuming a CO 2 fertiliser effect. Model inputs tested were mean daily maximum temperature, mean daily minimum temperature, rainfall, solar radiation, frost days, and soil fertility. The analysis under a future climate without a CO 2 fertiliser effect produced similar levels of sensitivity; therefore, these results were not considered further. The second sensitivity analysis determined the effect of changing revenues and costs on NPV for the climate change only scenario. This scenario was selected to test the relative impact of revenues and costs without the additional impact of the hazards. One interest rate was used for this analysis, 3 % for Craik and 7 % for Ashley. All changes to revenues and costs were applied uniformly (i.e. no attempt was made to vary the difference in revenue between different products).
Results
Projected climate change increased mean annual temperature for Craik by 47 % (2.9°C) and at Ashley by 27 % (2.9°C). Annual rainfall increased for Craik by 1 % (12 mm), while at Ashley, rainfall decreased by 27 % (216 mm). Total number of frost days per year decreased at Craik by 51 % (52 days) and Ashley decreased by 19 % (14 days). Without the CO 2 fertiliser effect, recoverable volume at final felling under climate change increased for Scots pine and E. fastigata Assumed 5 % loss in increment until year 30 and 10 % thereafter (Straw et al. 2011) n/a (Table 3) . Conversely, recoverable volume for Sitka spruce and radiata pine showed a small decrease under climate change (Table 3) . When a CO 2 fertiliser effect was assumed along with the future climate, recoverable volumes increased for all four species (Table 3) . The drought risk scenario combined with climate change decreased volume for all four species, unless a CO 2 fertiliser effect was assumed (Table 3 ). The biotic risk scenarios with climate change decreased volume of the host tree species to varying degrees (Table 3) . For Craik Forest under climate change and no CO 2 fertilisation, the species with the highest NPV varied by risk scenario. Sitka spruce provided the highest NPV under the current climate (Fig 1a) . With climate change only, the NPV from Sitka spruce decreased and that from Scots pine increased with the latter having a higher NPV at the lower interest rates (Fig 1a) . When a CO 2 fertiliser effect was assumed with climate change, the net increase in productivity for Scots pine was higher than for Sitka spruce (Table 3) . This resulted in a higher NPV in 2080 for Scots pine when interest rates were between 0 and 3 % (Fig. 1b) . When the drought scenario was considered, there was little difference in NPV between both species under current climate conditions (Fig 1c) . Combined with climate change, both species 2080 NPV's were similar, except that Scots pine was higher at the lowest interest rates (Fig. 1c) . When the CO 2 fertiliser effect was assumed for the drought scenario, future NPVs were greater than current climate NPVs (Fig. 1d) . Scots pine's 2080 NPV was still greater than Sitka spruce's 2080 NPV when interest rates were less than 2 %; however, the difference in NPV was smaller than in Fig. 1a . Dothistroma decreased Scots pine recoverable volume and NPV under current and future climates (Fig. 1e) . When the CO 2 fertiliser effect was assumed, Scots pine had a larger 2080 NPV than Sitka spruce at interest rates less than 2 % (Fig 1f) , while at higher interest rates, both species had a similar rate of return (Fig. 1f) . Elatobium decreased Sitka spruce's NPVs for current and future climates (Fig. 1g, h ). Without a CO 2 fertiliser effect, Scots pine only had a larger return than Sitka spruce at interest rates less than 2 % in 2080 (Fig 1g) . With a CO 2 fertiliser effect, Scots pine 2080 NPV was larger than Sitka at interest rates less than 3 % (Fig 1h) .
For Ashley Forest, radiata pine NPV was constantly higher than E. fastigata NPV under current climate conditions (Fig 2a) . Under current conditions, volume at harvest for radiata pine was double E. fastigata (Table 3) , as well as having a shorter rotation. With climate change, both species' productivity increased with warmer temperatures. However, E. fastigata responded more than radiata pine with large increases in volume without (50 %) and with (180 %) the CO 2 fertiliser effect (Table 3 ). This reduced the difference in recoverable volume at harvest between the species (Table 3), so that E. fastigata provided at least as high a NPV as radiata pine in 2090 without and with the CO 2 fertiliser effect (Fig. 2a, b) . The drought risk scenario reduced the recoverable volume from radiata pine under current climate and climate change (Table 3 ). This scenario reduced radiata pine's NPV (Fig. 2c, 2d) . Drought had little impact on E. fastigata's growth under current climate or with climate change (Table 3) . Thus, E. fastigata's NPV was higher than radiata pine in 2090 (Fig. 2c, d) .
The Dothistroma risk scenario at Ashley Forest reduced recoverable volume of radiata pine under current climate (Table 3) ; however, radiata pine NPV was still higher than E. fastigata (Fig. 2e, f) . Dothistroma plus climate change caused a large reduction in recoverable volume with radiata pine (Table 3 ). This reduction meant that E. fastigata under this risk scenario had a larger profit margin for most rates of return without (Fig. 2e) and with (Fig. 2f) the CO 2 effect. The Fusarium risk scenario had the biggest impact on radiata pine NPV. Under current climate conditions, the downgrade in log grades caused radiata pine NPV to be less than E. fastigata at interest rates between 5 and 7 % (Fig. 2g, h ). The potential impact of Fusarium was clearly demonstrated when it was combined with climate change. The warmer climate greatly benefited E. fastigata productivity with high recoverable n/a n/a 281 606 297 623 n/a n/a CC+Fusarium circinatum n/a n/a n/a n/a 330 692 n/a n/a CC+Elatobium abietinum 348 587 n/a n/a n/a n/a n/a n/a volumes in 2090 (Table 3) . As this pathogen did not downgrade E. fastigata log grades, its NPV was high without (Fig. 2g) and with (Fig. 2h ) the CO 2 fertiliser effect. Even with the hypothesised increase in productivity with higher atmospheric CO2, the log downgrades for radiata pine meant that its NPV was at least 60 % smaller than E. fastigata between 5 and 8 % interest rate (Fig. 2h) . Sensitivity analysis suggested that Scots pine productivity was more responsive to the 3-PGS2 input variables than Sitka spruce (Fig. 3a, b) . Both species were most sensitive to mean daily maximum temperature and daily solar radiation. In contrast, radiata pine was more affected by input variables than E. fastigata (Fig. 3c, d ), being most responsive to mean daily maximum temperature (Fig. 3c ). E. fastigata was affected by mean daily maximum temperature and daily solar radiation, and soil fertility (Fig. 3d) . Sensitivity analysis of NPV at an interest rate of 3 % for Craik and 7 % for Ashley found changes in stumpage price had a larger impact than the costs (Fig. 4) . In the current climate, Sitka spruce and radiata pine always produced the highest NPVs. At Craik Forest in 2080, Sitka spruce tended to be more profitable than Scots pine except where revenues were reduced by 40 %. At Ashley Forest in 2090, radiata pine stumpage would need to increase by 14 % (Fig. 4c) or E. fastigata costs will need to increase by 21 % (Fig. 4d) for radiata pine to be the more profitable species.
Discussion
The results show that, in each case study, the major plantation species (i.e. Sitka spruce or radiata pine) outperformed a potential alternative species (Scots pine or E. fastigata) No CO 2 fertiliser effect CO 2 fertiliser effect under the current climate conditions in terms of both productivity and NPV (Table 3 ; Figs. 1 and 2 ). This finding holds even if the impacts of abiotic or biotic hazards were incorporated, with the exception of F. circinatum effects on radiata pine (Fig. 2f) . However, when projected climate change was incorporated into the analysis, model simulations suggested that, in each country, there would be a decline in recoverable volume at final harvest for the major productive species of 7 to 13 % (Table 3) by the end of this century. In contrast, there was projected to be a 15 to 30 % increase in productivity for the potential alternative species. The practical effect is to alter the relative profitability of the alternative species compared to the major species (Figs. 1a and 2a) . The magnitude of the change depends upon the interest rate used in the evaluation, since at higher interest rates the longer rotations involved with the alternative species (e.g. Scots pine) may prove less attractive (Fig. 1a) . The sensitivity of Sitka spruce to projected climate change in 2080 indicated by the simulations agrees with an earlier evaluation indicating that Sitka spruce would be vulnerable to the severe moisture stress projected under more extreme conditions (Mason et al. 2012) . Our study did not simulate the effects of planting breeds of a species resistant to the biotic hazards, for example Dothistroma-resistant strains of radiata pine (Burdon, 2001) . The aim of this study was to indicate the potential impact of a severe pest or pathogen outbreak on susceptible plantation forests. Although resistant trees would lessen the impact of the biotic hazards, the recoverable volume from an outbreak is likely to be less than the climate change only scenario. Higher temperatures had the biggest impact on the species with climate change, not biotic hazards. These hazards increased the impact of higher temperatures on future productivity and NPV rather than changing the relative profitability of species. The revenues from timber and the costs of forestry operations can be quite uncertain 10 years into the future, let alone over the timelines used in this study. Due to these uncertainties, current stumpage prices at harvest and costs for forest operations were used. The profitability of a species under a climate change risk scenario can be highly sensitive to the revenue and cost assumptions used. In addition, there will always be uncertainty involved in predicting tree species productivity under a future climate as the precise changes in climatic parameters are unknown. Further, the effect of these changes on a species' physiology is imperfectly understood which affects in turn the assumptions on tree growth embodied in 3-PG. Thus, the predicted species volumes and NPVs are subject to a degree of uncertainty. We believe the outcomes presented in this study represent the productivity of each species under a future climate based on the best current understanding of climate change and its impacts on tree physiology. Within these limits, the financial sensitivity analysis indicated that for radiata pine to be more profitable than E. fastigata under climate change, radiata pine revenue would have to increase and/or costs decrease by large margins. By contrast, the Sitka spruce and Scots pine results are quite similar under future climate change scenarios, suggesting that careful comparison of anticipated revenues and costs is essential for an informed species choice. The use of NPV as a criterion for making comparison between species performance under future climate scenarios may be questioned, given recent papers that have considered more sophisticated approaches to incorporating risk and uncertainty in adaptive forest management (Hildebrandt and Knoke 2010; Yousefpour et al. 2012) . However, our discussions with private sector forest managers in both countries showed NPV to be widely used in assessment of silvicultural options such as deployment of alternative species. Risks were allowed for, if at all, by using conservative values for the returns (e.g. downgrading the amount of sawlog outturn to be achieved at final harvest) or by varying the interest rate used when comparing returns to be obtained from different species. Manley (2012) indicated that similar approaches are used by valuers in assessing planted forests in New Zealand. We therefore consider that the use of NPV is justified as a criterion for species selection since it reflects the operational decision environment within commercial forestry. The tendency for such decisions to embrace a time frame of no more than one or two decades (Hoogstra and Heiner 2009; Lawrence and Gillett 2011 ) is a potential issue when trying to develop strategies of adapting forests to climate change impacts half a century or more away.
The sensitivity of 3-PG to individual parameters and model feedbacks has been well researched in other studies (Esprey et al. 2004 , Xenakis et al. 2008 , Song et al. 2012 . As only one model was used in this study, the same degree of sensitivity of the parameters was applied equally to all species. The sensitivity of the model's outputs to input parameters did vary by species (Fig. 3) . All species were quite sensitive to solar radiation; however, since neither the UK or New Zealand climate change models had simulated solar radiation under the future climate scenarios, current solar radiation amounts were used. All species were sensitive to daily maximum temperatures as it impacts vapour pressure deficit. This indicates that a temperature increase above a species optimum temperature may lead to a significant decline in productivity. The sensitivity analysis showed that if future daily maximum temperatures were over-or under-estimated by 20 % or more, then this will have a large impact on harvest volume for all species. A surprising result was that the model outputs were not particularly sensitive to soil fertility probably due to the scant soil information, including fertility, for these sites. As uniform soil input values were used for these forests due to a lack of information, the sensitivity of model outputs to these variables was lessened.
At both sites, a rise in temperature was the major driver of this projected increase in productivity of the alternative species Scots pine and E. fastigata. At Craik, the projected change in temperature would affect Sitka spruce adversely since the stomata of this species are sensitive to increases in vapour pressure deficit, resulting in reduced carbon uptake at higher temperatures (Jarvis et al. 2009 ). The small increase in temperature did not increase Sitka spruce productivity, but Scots pine productivity did increase. Scots pine benefited more from this increase as the mean annual temperature at Craik became closer to the species' optimal growing temperature. This combined with a lesser sensitivity to an increase in vapour pressure deficit meant that Scots pine productivity strongly increased while Sitka spruce did not. At Ashley, there was a decrease in rainfall with the A1B scenario. For E. fastigata, this decrease was more than offset by the increase in temperature. Eucalyptus species are in general well adapted to drier conditions with less soil water and higher vapour pressure deficit. Thus, E. fastigata productivity greatly benefited from climate change. The rise in temperature at Ashley was closer to radiata pine's optimal growth temperature of 20°C. However, the decrease in rainfall and soil water was enough to cause increased water stress during the summer months, which reduced photosynthesis and productivity. The impact of increasing temperatures also meant a large decrease in the number of frost days. Both Craik and Ashley are frost-prone sites in the present climate. Thus, the reduction in occurrence of frost resulted in an increase in the total number of growing days and hence increased productivity. However, as the sensitivity analysis showed, all species were more sensitive to maximum mean daily temperature.
The CO 2 fertiliser effect increased productivity and NPV for all species. The hypothesis supporting this effect is that higher ambient CO 2 concentrations with climate change will increase the concentration of leaf intercellular CO 2 . With more CO 2 within the leaf, maximum quantum use efficiency will increase, less stomatal conductance will be needed for photosynthesis, and water use efficiency will increase. The model uses a constant factor for the maximum photosynthetic conversion of photosynthetically active radiation into gross primary productivity. The appropriateness of using the same constant for all species has been debated (Lansberg and Waring 1997; Waring and McDowell 2002; Seidl et al. 2005) ; however, the model has performed well for a wide variety of species with this constant under current climate conditions. As the model was able to accurately simulate productivity for all for species under the present climate, it is reasonable to assume that this constant will be valid under future climates. When revenues and costs were constant, future NPVs were primarily influenced by future climatologies, and the effects of the hazards. The CO 2 fertiliser effect only exaggerated the differences between species, it did not change which species had the highest NPV for each climate change risk scenario. There is considerable debate on the magnitude of the CO 2 fertiliser effect, or even if it will even increase net primary production of trees in the long term (Karnosky 2003; Norby et al. 2010; Abrams 2011 Booth 2012 . Despite this uncertainty, it seems reasonable to assume that productivity under climate change will probably fall somewhere between the values presented when CO 2 effect was not included (lower bound) and when it was included (upper bound) in the simulations.
The preceding sections show that the impact of projected climate change raises questions about the long-term viability of the current reliance in both countries upon a single species to supply timber from an extensive plantation resource. In other words, there appear to be increasing biological risks involved in maintaining current silvicultural regimes and practices into an uncertain future, particularly on sites where the projected combination of increasing temperatures and static or declining rainfall exposes the major plantation species to increased moisture stress. However, our analysis suggests that the silvicultural responses to this uncertainty might vary between the two countries. Thus, in the New Zealand case study, E. fastigata offers an alternative which, provided the species remains free from pests and pathogens, seems as or more financially attractive than radiata pine at prevailing interest rates under most of the scenarios incorporating climate change (Fig. 2) . This is one of the important preconditions for encouraging managers of plantation forests to consider a change of species (Pinkard et al. 2010 ). E. fastigata is able to produce high-quality sawn timber with a rotation of less than 35 years (Jones et al. 2010) , which was the management scenario used in this study. End-use products of E. fastigata timber include high-valued furniture and joinery (Davis-Colley and Nicholas 2008). The species also has desirable properties for pulp and paper; however, this was not considered in this study. If a new, unknown pathogen or pest impacted E. fastigata productivity in the future, the species would still remain more profitable in 2090 than radiata pine in the Dothistroma and Fusarium hazard scenarios until volume growth of E. fastigata was reduced by 20 and 50 %, respectively.
By contrast, in the Scottish example, Scots pine is preferable to Sitka spruce only at the lowest interest rates and if a CO 2 fertilisation effect is assumed. Since Scots pine was the best alternative out of some 20 species screened by Mason et al. (2012) , commercial foresters in Scotland may be reluctant to turn away from Sitka spruce given that that the 2080 scenario is more than one spruce rotation away from the present time. The development of higher value markets for Scots pine timber (Macdonald et al. 2008 ) might make this species more attractive to growers, as might the provision of a subsidy for planting the less productive species which would increase the rate of return. However, in the absence of such measures, managers' initial approach may be to explore silvicultural options for sites where soil moisture may be limiting such as planting at lower densities or thinning regimes that reduce leaf area and hence water requirements (Pinkard et al. 2010 ). The former is unlikely to be practical in Sitka spruce because of poorer timber properties in trees planted at densities less than 2,500 stems ha −1 (Macdonald and Hubert 2002) . However, the latter could be achieved by planting spruce in a self-thinning mixture with pine which gradually develops into a wider spaced stand of spruce without loss of timber quality. Continuous cover forestry has also been proposed as a means of adapting Scottish forests to projected climate change (Ray 2008) , but difficulties of modelling the transformation plus uncertainties over the timber outturn (Macdonald et al. 2010) mean that this option was not considered in our analysis.
Our findings are similar to those from other studies in a range of regions (Allen et al. 2010; Bolte et al. 2009; Coops and Waring 2010; Watt et al. 2008) in predicting increased risks from a changing climate for the future role of tree species currently of major importance for timber production. However, while a frequent policy response to such predictions is to encourage species diversification as a means of spreading and reducing the risks (Kolstrom et al. 2011 ), implementing such a strategy may be problematic in plantation forests with disparate owners, especially if this involves potential financial penalties. For example, diversification away from an existing plantation species can involve 'market' risks if the bulk supply of timber from a known species is partially diluted by the provision of unfamiliar timbers. Previous attempts to deploy alternative species to radiata pine as an active diversification strategy in New Zealand largely failed, partly because of disease affecting the alternatives that were trialled and partly because of their lower productivity (Burdon 2001) . Based on this experience, Burdon (op cit.) proposed a revised approach to reducing risks by identifying and planting a small number of contingency species which could be used if radiata pine was at serious risk. However, the main effort would be placed on selecting 'breeds' or genotypes of radiata pine or other major plantation species (e.g. Sitka spruce) that could confer increased resistance against particular pathogens (e.g. Dothistroma) or be less susceptible to the impacts of drought (Ivkovic et al. 2010) . The potential impacts of genetic improvement were not considered in our analysis, but these could influence the financial outturns reported here since in Scotland the gains available from tree breeding are higher for Sitka spruce than for Scots pine (Lee 2004) .
Conclusion
The high productivity and acceptable financial returns obtained from the main plantation species used in New Zealand and Scotland can act as a disincentive against species diversification, particularly if the latter are less productive or are perceived to involve some element of market risk. This disincentive is greater because of the comparatively short time horizon of operational forestry decisions compared to the long-term impacts of climate change. However, the inevitable occurrence of extreme events not allowed for in our analysis suggests that it will be both prudent and important for measures to be taken that will help safeguard plantation resources and timber supplies in an uncertain future. Generalising the Burdon approach would suggest that the task of identifying contingency species and resistant breeds for an extensive forest plantation resource should be undertaken at an industry-wide level, possibly through a tree breeding cooperative or similar initiative. However, silvicultural strategies for adapting particular forests to projected climate change need to be trialled at a local or regional level, reflecting the variety of forest sites and the range of forest owners and their often very different objectives. By combining an industry-wide knowledge base with the experience gained from local trials, it should be possible to adapt a plantation resource to climate change while sustaining its productivity and financial viability.
